Abstract: Fisheries managers must make trade-offs between competing management actions; however, the inherent tradeoffs associated with information gathering are seldom explicitly considered. Incorporating economics into management decisions at the outset can aid managers in explicitly considering the trade-off between collecting more information to guide management and taking management actions. We use control of the invasive sea lamprey (Petromyzon marinus) in the Laurentian Great Lakes to illustrate how budget constraints shape this trade-off. Economic theory is used to frame previous empirical work showing that reducing the allocation of resources to conducting assessment, and thereby freeing resources for treatment, would result in a greater reduction of sea lamprey populations -the overarching management objective. The optimal allocation of resources between assessment and control depends on the total budget, the relative cost of each management activity, the marginal reduction in uncertainty associated with increased assessment, and the marginal effectiveness of increased treatment. Formal incorporation of prior information can change the optimal allocation of resources. The approach presented here is generally applicable to a wide range of fishery management and research questions.
Introduction
Efficient resource management requires that management objectives be achieved at least cost. To this end, managers aim either to minimize costs while achieving an objective or to maximize the production of a ''good'' (e.g., fish stocked, pests killed, or ecosystem services provided), subject to a set budget. Explicitly considering costs of achieving ecological objectives requires integrating economics in its most fundamental role as a decision science with ecology and natural resources management. Economics is the study of resource allocation and frequently has been used in fisheries management (e.g., Clark 2005; Costello et al. 2008) . Costs are a fundamental part of natural resource management planning (Polasky 2006) , and recently there has been a push for economics to play a stronger role in natural resource management (Shogren et al. 1999) . A key component of an economic analysis is to measure costs in terms of the lost opportunities that occur when resources are allocated to a certain activity.
Trade-offs between the assessment and the management of a system are common, but seldom explicitly considered (Hansen and Jones 2008a) . Information is required to manage fisheries efficiently, and researchers and managers alike often call for more information to guide decision-making. These calls for more information may fail to consider the trade-off between collecting more information (i.e., research and assessment) and taking other management actions. Under fixed budget conditions, any investment in information gathering detracts from resources available for other management actions. Accordingly, it can be unclear how many resources should be allocated to collecting information versus other areas of management. Hansen and Jones (2008a) discuss the trade-off between information gathering and management in aquatic systems and encouraged an explicit consideration of this and other trade-offs when making resource management decisions. In some cases, it may be important to delay management actions in favor of data collection (see Fenichel et al. (2008) for an example of when this might be preferable); in other cases, uncertainty and variability are sufficiently high that no reasonable amount of research yields the level of knowledge required to act with confidence (Ludwig et al. 1993; Johannes 1998) . At some point, resources used for learning and assessment would provide higher returns, in terms of the management objective, if allocated to other management activities. Hansen and Jones (2008b) found that control of Great Lakes sea lampreys (Petromyzon marinus) could be improved by allocating fewer resources to assessment activities and more to chemical control.
In this article, we provide theoretical motivation for Hansen and Jones ' (2008b) findings that likely applies to other fishery management cases. We explicitly incorporate the costs of assessment and treatment and apply an economic production framework to explore the theoretical basis of the trade-off between the two. We represent the costs of management activities as forgone opportunities; resources used to fund one activity are not available to fund others under a limited budget. The cost of each activity includes the value of lost alternatives, not just the dollars spent. We use Great Lakes sea lamprey control to broadly illustrate the trade-off between gaining information (assessment) and taking a management action (treating streams with lampricide) and discuss conditions that favor each activity.
Sea lamprey background
Sea lampreys are invasive to the North American Great Lakes, and their impact on native fishes is well documented (e.g., Smith and Tibbles 1980; Heinrich et al. 2003 ). An intensive control program targets Great Lakes sea lampreys to reduce sea lamprey populations and achieve fish community objectives (Great Lakes Fishery Commission (GLFC) 2001). Sea lamprey control is chiefly achieved through the periodic treatment of streams with chemical lampricides that target stream-dwelling larvae and recently metamorphosed larvae (known as transformers), before they enter the Great Lakes and become parasites (Smith and Tibbles 1980) . Lampricide is applied to streams on a cycle corresponding to the streamspecific duration of the sea lamprey larval phase. Natural demographic variation makes it impossible to perfectly predict when each stream will require treatment; therefore, candidate streams are assessed annually to determine the larval population and size structure . Assessments are used along with a model-based decision tool to predict stream-specific transformer abundances in the following year . Streams are prioritized for treatment based on the predicted number of transformers killed per stream treatment cost. The operational goal of sea lamprey management could be described as maximizing the number of transformers killed given the current control budget. Care is also taken to minimize nontarget effects of lampricide (GLFC 2001) ; following Hansen and Jones (2008b) , we abstract from this issue.
A trade-off exists in sea lamprey control between allocating resources to stream assessment and stream treatment. From 1995 From -2007 were assessed using quantitative assessment sampling (QAS), a resource-intensive sampling regime intended to provide accurate and absolute estimates of larval abundance and size structure Slade et al. 2003 ; but for critiques, see Steeves 2002 and Hansen et al. 2003) . Resource-intensive assessments reduce resources available to treat streams after they are ranked, all else equal. Hansen and Jones (2008b) developed a less resource intensive alternative, rapid assessment (RA). RA provides an index of stream-specific lamprey populations. It is less precise than QAS but frees resources to treat additional streams. Hansen and Jones (2008b) found that RA outperformed QAS in terms of the number of sea lampreys killed with identical overall program expenditures. In 2008, RA was implemented for assessing and ranking Great Lakes streams.
Trade-offs between information and action
We use the sea lamprey control example to illustrate the trade-off between collecting information and actively managing ecological systems. We assume a fixed budget for sea lamprey control and that the program's operational objective is to maximize the number of sea lamprey transformers killed. This goal is achieved in two steps: (i) find transformers through assessment (a), and (ii) kill larvae and transformers with lampricide treatment (t). The two assessment methods, QAS and RA, represent two different levels of assessment effort. QAS is more expensive, in terms of dollars, but is assumed to have the potential to yield more (or higher quality) information about the location of transformers. Determining which assessment method is ''better'' is a question of maximizing information about transformer location conditional on the assessment budget. At the same time, the size of the assessment budget depends on the resources allocated between treatment and assessment. The proportion of the total budget that is optimally allocated to assessment depends on the total budget and the relative cost, in terms of forgone opportunities, of treatment and of each form of assessment.
Assume that under foreseeable future conditions, the number of sea lamprey transformers killed in one year reduces the number of parasites and spawning adults but does not affect the supply of larvae and transformers in subsequent years due to high levels of compensation and densityindependent variation in recruitment Dawson 2007) . Furthermore, assume that the information gained from assessment in one year is not used in following years. This latter assumption is a simplification but is justifiable if the information from prior years is not formally combined with the new information to inform management. In this case, the decision-making process treats the system as static.
Economic production theory relates to how a firm, or management agency, can maximize production of a good (e.g., dead transformers), which requires certain inputs (e.g., information from assessment and streams treated with lampricide), subject to a budget constraint. The price of each input is explicitly considered.
First, assume that a single assessment strategy is available. Both assessment and treatment likely have diminishing marginal returns. No realistic assessment technique provides complete information regarding which streams should be treated, and therefore any assessment technology asymptotically approaches a maximum level of achievable information. Similarly, as more resources are allocated to treatment, fewer transformers are killed per dollar. Increasing either treatment or assessment leads to more transformers killed, but given decreasing returns to scale for both inputs, the number of transformers killed does not increase linearly with an increase in either treatment or assessment.
Treatment and assessment are substitutes in production. Killing transformers does not require a fixed ratio of treatment to assessment; rather, less treatment can be made up for, to some extent, with more assessment (and vice versa). Applying treatment in a small number of ''correct'' spots kills as many transformers as treating a greater number of ''incorrect'' spots. Graphically, this is shown with an ''isokill'' curve or more generally with an iso-quant curve ( Fig. 1 ). Iso-kill curves represent combinations of assessment and treatment that result in the same number or level of transformers killed, k. More transformers are killed for iso-kill curves located higher and further to the right on the figure. The exact shape of the iso-quant curves is an empirical question and an expanding area of research (e.g., Nelson et al. 2009 ).
The iso-kill curves that represent sea lamprey transformer kill levels can take on one of two qualitative forms. For the first form, both treatment and assessment must be greater than zero to kill sea lamprey transformers (e.g., locating streams). This implies that one input can never fully replace the other. The principles of integrated pest management (IPM) suggest this form, because IPM requires quantitative data to allocate control resources (Maitland 1980; . Iso-kill curves are shown in which some level of both assessment and treatment is necessary (Fig. 1a) . However, this is not necessarily the case. Treatments could be applied randomly to subsets of streams in the absence of assessment and some sea lamprey transformers would still be killed. Figure 1b illustrates potential iso-kill curves for the case in which it is possible to kill sea lamprey with zero assessment.
The ratio at which one input can be substituted for another input (e.g., assessment for treatment) to achieve the same level of production (e.g., dead transformers) is the marginal rate of technical substitution (MRTS). The MRTS can be derived by considering the marginal product, or contribution, of small increases in each input. The marginal product of treatment is the change in the number of transformers killed for per unit treatment, qk/qt. The marginal product of assessment is the change in the number of transformers killed per unit assessment, qk/qI Â qI/qa, where I is the level of information generated by assessment. The ratio of the marginal product of assessment to the marginal product of treatment, (qk/qa)/(qk/qt) = qt/qa, is equal to the MRTS, which is the negative of the slope of the iso-kill curve, -dt/da.
It is necessary to know the prices of assessment and treatment and the total sea lamprey control budget, b, in addition to the MRTS to find the optimal balance between assessment and treatment. The budget is exclusive; resources spent on assessment cannot be used for treatment. Define a budget line, b = p t t + p a a, where p t and p a represent the respective price of treatment and assessment (in dollars). If the entire budget were spent on assessment, b/p a assessments would be possible. If the entire budget were spent on treatment, b/p t treatments would be possible. The budget line can be graphed on the same axes as the iso-kill curves and has a slope of -p a /p t (Fig. 1) . This ratio of prices of inputs p a /p t represents the opportunity cost of one input in terms of the other, because it represents what must be forgone in terms of other management opportunities. At the maximum achievable kill level, the MRTS and price ratio will be exactly equal (Fig. 1) . The greatest number of transformers that can be killed for a given budget is achieved when the budget line is tangent to the iso-kill curve (Fig. 1) . The optimal level of assessment and treatment is the combination of assessment and treatment at the tangency. Other combinations of assessment and treatment effort are possible under the same budget but result in lower numbers of transformers killed.
If some transformers can be killed with no assessment, then it is possible for an optimal allocation that only funds treatment (Fig. 1b) . If the price of assessment, p a , is large enough relative to p t , then a tangency cannot occur (Fig. 1b,  budget b) . Here we would have to give up too much treatment to afford any assessment. Even if the price of assessment is less than treatment, assessment is relatively costly in terms of forgone treatment opportunities. However, if the budget is increased, it may become optimal to invest in assessment, even though some lamprey transformers could be killed with no assessment (Fig. 1b, budget b' ).
RA, but the level of information increases more rapidly for each unit of RA at lower levels of assessment (Fig. 2) . If assessment expenditures are low (area to the left of the vertical line in Fig. 2) , then RA provides more information about which streams to treat, but QAS provides more information as assessment expenditure increases (area to the right of the vertical line in Fig. 2) . Therefore, under certain budgetary allocations, RA provides more information, whereas under other allocations, QAS provides more information. Alternative treatment protocols could pose similar trade-offs.
The iso-kill curves in Fig. 3 qualitatively show combinations of treatment and assessment effort associated with QAS (black curves) and RA (shaded curves) that result in the same total number of sea lamprey transformers killed. The RA and QAS iso-kill curves are shaped differently for the same kill level because QAS and RA produce different amounts of information per dollar spent. QAS and RA result in different MRTSs. Assume that the iso-kill curves associated with QAS and RA for a given level of transformers killed intersect each other. This implies that under some conditions, QAS is preferred, and under others, RA is preferred. However, it is possible that QAS or RA could always be better at producing information. In such a case, the manager only has one trade-off to consider -the trade-off between treatment and assessment. With a small budget allocation to assessment, an approach employing RA can kill more transformers than an approach employing QAS for the same budget. Notice that the RA iso-kill curve is below the QAS curve to the left of the intersection point (Fig. 3) . In this case, the opportunity cost of treatment, in terms of foregone assessment, is relatively small; relatively few assessment units must be forgone to gain a treatment unit. An additional unit of treatment has a greater effect on the number of sea lamprey transformers killed than would an additional unit of assessment. Conversely, if the opportunity cost of assessment were high in terms of forgone treatment opportunities, then an additional unit of assessment does not offset the reduction in killed transformers from for- Fig. 1 . Iso-kill curves (solid curves), assuming a single type of assessment and a budget constraint (broken line). Along a given isokill curve, the same number of sea lamprey transformers are killed, with kill level k < k' < k@. The budget constraint line (broken line) is a graphical representation of the sea lamprey control budget, b, with b' > b and treatment and assessment prices pt and pa, respectively. A budget line slope < -1 indicates that treatment has a higher unit price than assessment. The optimal allocation of assessment and treatment is where the budget line is tangent to the highest achievable iso-kill curve (k' in panel a). Various combinations of assessment and treatment could kill fewer sea lamprey transformers (k), but higher levels of killed sea lamprey transformers (k@) are not achievable given the budget, b. (a) The case in which both treatment and assessment are necessary to kill sea lamprey transformers; (b) the case in which some transformers could be killed with zero assessment. The relationship between two larval lamprey assessment methods: QAS, which potentially provides more information but requires more units of assessment to do so (black line); and RA, which can provide more information at low levels of assessment but cannot provide as much information as QAS at high levels of assessment (shaded line). The vertical line represents the switching point between RA and QAS.
going a unit of treatment. Finally, when fewer assessment units are employed, RA collects information ''faster'' (Fig. 2) , and RA is preferred. The relative cost of each activity determines the circumstances under which each assessment method is preferred. If the budget line is tangent to the iso-kill curve at the point at which the QAS and RA iso-kill curves cross each other, then the optimal allocation to assessment and treatment is the same regardless of the assessment method. Call this pointk. Two kill levels, k < k', are illustrated (Fig. 3) , with the iso-kill curves k and k' labeled by their respective points k andk 0 . Moving from left to right, the RA iso-kill curve starts below and to the left of the QAS iso-kill curve for the same kill level. After the curves cross, the RA iso-kill curve is above and to the right of the QAS iso-kill curve. The isokill curves also become ''flatter'', implying that increasing assessment has a decreasing ability to offset forgone treatment. This is especially important in the region to the right ofk, where QAS maintains a greater ability to offset forgone treatment in this region. Consider a system in which the assessment-treatment price ratio, p a /p t , is greater than the marginal effect of increasing treatment on the MRTS at the point at which both allocation to treatment and assessment would be the same under both QAS and RA (qMRTS QAS /qa atk < p a /p t ). In this case, RA is preferred (Fig. 3a) . However, as the price of assessment, p a , decreases to p a ', the slope of the budget line decreases in absolute value (Fig. 3b) . This has two effects. First, assuming that some assessment is optimal if the assessment price is p a ', then it makes sea lamprey managers wealthier, and they can kill transformers regardless of allocations between assessment and treatment. The second effect is on the substitution between treatment and assessment. Assessment becomes less expensive, and the proportion of the budget allocated to assessment increases. If this substitution effect is great enough, then the preferred assessment approach could change (Fig. 3b) . Decreases in the price of treatment (p t ) have the reverse effect. The condition p a < p t does not guarantee that QAS is preferred. It is the prices relative to the marginal productsthe opportunity cost, not the absolute price -that is important. For the sea lamprey case and for other real management problems, assessment likely has a lower price than action, but assessment may have greater opportunity costs. The preferred assessment method and optimal allocation between assessment and treatment depends on the marginal products of assessment and treatment, the relative price of each activity, the information gathered for each unit of each assessment method, and the total budget. When all of these factors are considered, the optimal budget allocation to each activity can be determined.
Accounting for prior information
Prior information may influence management decisions, but neither QAS nor RA explicitly incorporates prior information. Both QAS and RA could be modified to explicitly account for information collected in previous time periods, and additional alternative assessment procedures could be developed that explicitly include prior information (see Anderson 2006) .
Trade-offs between optimal learning and action are an emerging area of research (e.g., Springborn and Costello 2010) . To fully characterize the trade-offs between action and learning over time requires stochastic dynamic programming (Clark 2005) or approximations to stochastic dynamic programming (Powell 2007) . The inclusion of prior information necessarily alters the marginal production of information over time. A full exploration of these ideas is beyond the scope of this article; however, we make some qualitative comments about how the formal incorporation of prior information could affect the relationships described above.
Assume that prior information, I, can be used to inform current decisions and that the prior information is not mis- Fig. 3 . Comparison of two QAS (black) and their respective RA (shaded) iso-kill curves at kill levels k and k', where k' > k. The pointk indicates where a combination of treatment and assessment results in the same number of killed transformers with either QAS or RA,k 0 >k. The QAS and RA lines that cross atk ork 0 have the same kill levels, respectively. The point at which the budget line (broken line) for budget level b is tangent to the highest achievable iso-kill line is the optimal combination of assessment and treatment. (a) The budget line for assessment price pa is illustrated. The budget constraint is tangent to the RA iso-kill curve, k, but does not intersect the QAS iso-kill curve associated kill level k, indicating that RA is the preferred assessment method given assessment cost p a ; (b) the budget line (broken line) for assessment price p a 0 is illustrated, where p a 0 < p a and the arrow is used to indicate that b=p a 0 is farther to the right on the x axis. In this scenario, the budget constraint is tangent to the QAS iso-kill curve at kill level k' but does not intersect the k' RA iso-kill curve. Therefore, QAS is the preferred assessment method at assessment price p a 0 . The price of treatment is p t and does not change across the two panels.
leading. Any combination of I and current assessment must provide at least as much information as the current assessment alone, i.e., C i (a, I) C i (a), where C quantifies total new information and i indexes the assessment approach (e.g., QAS or RA). This may take the form C i (a, I) = C i (a) + F j (I), implying that information is a function of the information provided by the current assessment, C i (a), plus some function, F j , that fully characterizes the usefulness of the prior information available in the current period, where j indexes the source of prior information. Prior information may have been collected through previous RA or QAS, a mix of RA and QAS, other assessment types, and expert opinion. The functional form of F is unknown and may depend on the type and quality of information and how it was gathered.
It is possible to modify the MRTS to MRTS' to account for prior information. Assuming that the system is at equilibrium so that assessment effort is constant over time, a t = a t-1 = a, and assessment is conducted such that information, or the level of knowledge about the system, is just kept current (i.e., usefulness of prior information does not change over time, F j,t (C t-1 ) = F j,t-1 (C t-2 ) = F, where t indicates the time period). Furthermore, the biological nature of the system is approximately constant. If F > 0, then we generally expect MRTS' < MRTS, which may be interpreted as a decrease in the marginal product of new assessment. This is analogous to a Bayesian updating process with a strong prior. This means that treatment becomes less costly in terms of forgone assessment, because the marginal contribution of new assessment to killing transformer sea lamprey is less. Therefore, an additional unit of assessment is relatively more costly in terms of forgone treatment. These conditions favor a less expensive and less informative assessment method. This results in a substitution effect from assessment to treatment, all else being equal. However, there is also an ''income'' effect: treatment is effectively less costly when prior information is used, and there are more resources to allocate to both treatment and assessment. At the pointk, it is possible that this income effect outweighs the substitution effect, providing a wider range of conditions where QAS would be preferred.
When the system is out of equilibrium, the MRTS' will change over time, and a dynamic programming approach will be necessary. Allocations to assessment will have a current period production component and an investment component in future production of k. In this case, the usefulness of information will change as assessment changes. Managers will need to be concerned with allocations aimed at accumulating information over time in addition to trade-offs between assessment and treatment. Additional optimality conditions are necessary to inform efficient intertemporal allocation (Clark 2005) . Given the nonlinear nature of the production function, k, and the likely nonlinear nature of any realistic specification of F, the intertemporal investment problem is complex. The approach path to any equilibrium will involve nonlinear dynamics. Assuming that F is monotonically increasing (i.e., prior information builds upon itself and never decreases) implies a flattening of the MRTS'. For constant relative costs for treatment and assessment, this flattening may imply a switch over time from resourceintensive assessment methods (i.e., QAS) to less resourceintensive methods (i.e., RA). An optimal strategy of switching technologies can result because early investments in information carry value into the future, and such investments in information may help managers approach equilibrium faster. This depends on the nature of F j (I). The complexity of such problems makes it all the more important that trade-offs are explicitly considered.
Discussion
In this article, we use an economic framework to explain the findings of Hansen and Jones (2008b) that sea lamprey control is improved by allocating fewer resources to assessment, thereby freeing resources for chemical treatments. We show how the optimal allocation to assessment depends on the relationship between assessment and information, the total management budget, the cost of assessment relative to other management actions, and the marginal products of assessment and treatment. Increasing the information obtained per unit of assessment, the effectiveness of treatment, or the price of treatment or assessment changes the optimal balance between the two management actions. For example, we demonstrate graphically that a decrease in the price of assessment could result in more transformers killed overall and a change in the preferred assessment method from RA to QAS.
The relative performance of an assessment technique can also change when prior information is formally incorporated into decision-making. Formally combining prior knowledge with current assessments could benefit the management of a variety of other systems, reduce overall costs, and increase the return on fishery management investments. Bayesian decision analysis (e.g., Ellison 1996; Stauffer 2008 ) and expert calibration (Lele 2004 ) quantitatively incorporate prior information. Use of traditional knowledge (e.g., Aswani and Lauer 2006) or expert opinion could also increase the effective level of assessments.
The QAS method was developed in 1995 to guide lampricide treatment decisions . Following a decade of QAS surveys, an alternative assessment method that used fewer resources was developed, RA, thereby increasing resources available for lampricide control and presumably killing more sea lampreys (Hansen and Jones 2008b) . The development of RA was made possible by the data collected through QAS. Sea lamprey managers switched from QAS to RA to prioritize streams for chemical treatment beginning in 2008, and this switch matches the rational decision process suggested by economic theory. The GLFC did not use an economic model to guide these assessment decisions but has supported an adaptive learning and research process. The similarity of the assessment decisions made by the GLFC and predictions from economic theory provides support for this adaptive learning approach but also suggests that the adaptive learning approach could be accelerated by formally incorporating economics.
In the case of sea lamprey management, there exists a direct and easily illustrated connection between the knowledge gained from assessment and the application of alternative management actions (lampricide treatments) that leads to the realization of management goals. In other systems, the connection may be less clear, in particular if assessment and management actions are funded by separate agencies. However, the same trade-off between assessment and management actions exists at some level in every system. State and federal management agencies face similar trade-offs every year when allocating limited budgets between monitoring, research, direct management interventions (e.g., stocking or culling), and enforcement.
Recommendations for more research are common in a variety of managed natural resource systems. All else being equal, more information is always a welcome contribution to fisheries management. However, all else is seldom equal, and increased information comes at a cost. These costs may be highly nontrivial when increasing research in one area means diverting resources from on-the-ground management or research in other areas. Furthermore, these costs should be considered at the outset of management planning, not as a final filtering step (Naidoo et al. 2006; Fenichel et al. 2010 ). We do not intend to imply that research and assessment are overvalued or overfunded; however, decisions to fund these and other management activities should be made with an acknowledgement of the trade-offs between potentially competing programs. The analysis presented here illustrates how an economic framework can be used to evaluate assessment-management trade-offs and optimally allocate a limited budget.
Increased information about a system may come at a cost of decreasing other management actions. Of course, decreased short-term performance to achieve long-term goals may be a reasonable trade-off. Indeed, this is the underlying idea behind adaptive management (Walters 1986) . Fisheries science has moved towards explicit consideration of tradeoffs, in general, with increasing use of decision analysis and related techniques to analyze intertemporal trade-offs (e.g., Robb and Peterman 1998; Punt 2006; Fenichel et al. 2008 ). However, these techniques do not automatically account for the budget constraints that managers always face. Distinct but related literature has argued for increased assessment of the potential payoff from research by considering the expected value of the information (e.g., McDonald and Smith 1997; Kim et al. 2003) , whereas Gerber et al. (2005) focus on assessing the marginal product of assessment. Such analyses are important in informing management trade-offs but do not alleviate the need to explicitly consider budget constraints.
